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ABSTRACT 
A% an-lytical model is proposed for calculating the rotor performance and aerodynamic blade forces for 
Pa -rieus ~ i n d  turbines with curved blades. The method of analysis uses a multiple-streamtube model, di- 
vi,ied iprto two parts: one modeling the upstream half-cycle of the rotor and the other, the downstream 
half-cycle. The npwind and downwind components of the induced velocities at each level of the rotor were 
-2:afred using the principle of two actuator disks in tandem. 
Va-iation of the induced velocities in the two parts of the rotor produces larger forces in the upstream 
tole and smaller forces in the downstream zone. Comparisons of the overall rotor performance with 
pr.?vicus nethods and field test data show the important improvement obtained with the present model. 
The calculations were made using the computer code CARDAA developed at IREQ. The double-multiple 
streamtube model, presented in this paper, has two major advantages: it requires a much shorter computer 
tine than the three-dimensional vortex model and is more accurate than multiple-streamtube model in 
j r - d i c  ting the aerodynamic blade loads. 
INTRODUCTION 
The Darrleus-type vertical-axis wind turbine is 
one! of the best wind energy conversion system. 
This curved-blade turbine is now under theoreti- 
cal and experimental study in the U.S., at Sandia 
Laboratories ( 2 3 ,  5% and 17% turbines), for 
example, and in Canada at a larger scale with the 
2 0 - k 4  nachine in the Magdalen Islands and, 
recently a new project for building a prototype 
of absut 4000-kW for the end of 1983. 
TFe iirst approach to modeling the aerodynamic 
p-rxcrmance of a Darrieus wind turbine was devel- 
oped by Templin (ref. 11, who supposed that the 
r-tur 1s enclosed in a single streamtube. 
4 mgre csmpfex analytical model is the multipfe- 
s:reamtube (ref. 2) in which the swept volume of 
the turbine is divided into a series of adjacent, 
a-r~dy~arnically independent, streamlubes. The 
-iTade element and momentum theories are then em- 
ployed f_or each streamtube. This model assumes 
::>at the induced velocity varies over the frontal 
d;sk area, both in the vertical and the horizon- 
i4I directions. 
2. tor poger, torque and drag are calculated by 
areraglng the contributions from each stream- 
Lube. The multiple streamtube model is a good 
qpproarh for predicting the overall performance 
txd ~xial force of Darrieus turbines under con- 
d,tions uhere the blades are lightly loaded and 
- %  ..e rotor tip speed ratios are low, (refs. 2 
and 3). 
01 her types of aerodynamic performance model for 
3rudying vertical-axis wind turbines are based on 
the vortex theory: these are the fixed-wake 
{ref. 4) and free-vortex models (refs. 5 and 6). 
Xr:cently, Strickfand (ref. 6) extended the free- 
vlrcex model to the curved-blade Darrieus tur- 
bine, using a concept of the three-dimensional 
vmtex structure. He used a single Zifting/line 
vartex theory to represent an airfoil segment. 
Cier~ll turbine performance in the form of drag, 
torque and power coefficient, have been reason- 
ably predicted by streamtube models and the ana- 
lytical results are in good agreement with exper- 
imental data. The performance values calculated 
with vortex model in the same conditions (stalled 
or unstalled blades) are not much better from 
this point of view. Although the vortex models 
have the major advantage of predicting the blade 
forces more exactly than the streamtube models 
but they have the disadvantage of requiring 
considerable computer time. 
AERODYNAMIC MODEL 
Induced Velocities 
The calculation of the induced velocities through 
the rotor is based on the principle of the two 
actuator disks in tandem at each level of the 
rotor, as shown in Figure 1. This analytical 
method uses a multiple-streamtube model divided 
in two parts: one for the upstream half-cycle of 
the rotor and the other for the opposite half- 
cycle (downstream). The multiple-streamlube 
model has been extended to the flow field 
upstream and downstream of the rotsr. 
The upwind and downwind components which traverse 
each streamtube are considered separately and the 
variations in the freestream velocity are incor- 
porated into the model. The freestream velocity 
profile is given by the following relation: 
The upwind velocity component is less than the 
local ambient wind velocity, V < Vmi, and in the 
middle plane between the upstream and the down- 
stream zone there is an equilibrium-induced 
velocity, V,< V; thus the induced velocity de- 
creases in the axial streamtube direction so that 
the downwind component is less than the equilib- 
rium velocity, V' < Ve. Figure 1 shows the ve- 
locities induced into a pair of actuator disks in 
tandem with Lapin's assumption, (ref. 7). For 










Rotor element ABCD replaced by 
Plan view h*o actuator disks in tandem 
Figure 1 - Definition of rotor geometry for a 
Darrieus wind turbine. Two actuator 
disks in tandem. 
wind velocity Vmi decreases by an interference 
factor of u - 1 and the induced velocity becomes 
Finally the equilibrium-induced velocity is 
For the downstream half-cycle of the rotor, Ve is 
the input velocity and, at the end of the stream- 
tube, the induced velocity can be written 
where u' = V1/Ve is the second interference fac- 
tor for this part of the rotor, u' e u. 
Under these conditions, the streamtube induced 
velocity is calculated by a double iteration, one 
for each part of the rotor. 
Upstream Half-Cycle of the Rotor 
The local relative velocity for the upstream 
half-cycle of the rotor, -n/2 C 8 n/2, is 
given by the expression: 
kt2 = v2 [(X - sin 8)' + cos28 cos26] (5) 
where X = wr/V represents the local tip speed 
ratio. The definitions of the angles, and the 
force and velocity vectors at the equatorial 
plane of the rotor are given in Figure 2. The 
general expression for the angle of attack is: 
cos~cosdcosaO - (X-sine) sin a. 
a = arcsin 
&YZsfiF;-cos2e co~26 
] ( 6 )  
This Equation suggests the possibility of an 
Figure 2 - Angles, force and velocity vectors 
at the equatorial plane. 
asymmetrical section or a symmetrical section 
where the chord line is not tangent to the circle 
of rotation (or blade flight path), a0 * 0, here 
we supposed a0 = 0. 
Using the blade exement theory and the momentum 
equation at each streamtube and by equating the 
vertical variation of the induced drag coeffi- 
cient of the rotor, we found: 
or, in the terms of the interference factor, 
where Fup is the function that characterizes the 
upwind conditions 
and 
CN = CL cosa + CD sina 
CT = CL sina - CD cosa 
The blade airfoil section lift and drag coeffi- 
cients, CL and CD respectively, are obtained from 
NASA and Sandia Laboratories test data by inter- 
polation using both the local Reynolds number and 
the local angle of attack. 
Defining the blade Reynolds number as Reb- Wc/u,, 
for local conditions, Reb is given by the follow- 
ing relation: 
Re b = (VC/U~) (ji;--Tn8)2 + cos28 cosz6 (1 1) 
where c is the airfoil chord and v, is the kine- 
n a i i c  v i s c o s i t y .  In t roduc ing  t h e  t u r b i n e  Thus t h e  power c o e f f i c i e n t  f o r  the  upstream h a l f -  
Reynolds number Ret - wRc/um, we o b t a i n  t he  r e l a -  c y c l e  of t he  r o t o r  can be w r i t t e n :  
t i n n a h i p  between Reb and R e t :  
wR CP1 = - CQl = X i7 
EQ Q l  
(18)  
r e 3  = ( ~ e ~ n / x ) d ( x  - s ine ) '  + cosZe cos26 (12 )  "W 
Po- 3 g ivsn  r o t o r  geometry and r o t a t i o n a l  speed w 
a n l  a g iven v e l o c i t y  a t  each s t reamtube p o s i t i o n  
Z r ~ m  Equat ion ( I ) ,  a  va lue  of induced l o c a l  t i p  
s p e d  r a t i o  X is chosen by assuming t h a t  t h e  
i n ~ e r f e r e n c e  f a c t o r  u  i s  un i ty .  Thus, Reb and a 
u i : l  he eva lua t ed  i n  f i r s t  approximation and the  
c h a r s c t c r i s t i c s  of t he  b lade  s e c t i o n  p r o f i l e  CL, 
CD. The?, wi th  Equat ions  ( l o ) ,  t he  normal and 
t a n g e n t i a l  f o r c e  c o e f f i c i e n t s  a r e  e s t ima ted ,  and 
Eqilatfon (9) a l lows  us  t o  e v a l u a t e  t h e  f u n c t i o n  
P,. With the  f i r s L  va lue  of Fup we can ca lcu-  
i s r e  i not her va lue  of t he  i n t e r f e r e n c e  f a c t o r  
e ~ ~ L ? : i n g  Equation (8) and the  i t e r a t i v e  process  
i s  r epea t ed  u n t i l  succes s ive  s e t s  o f  u  a r e  
r e2so rab ly  c lo se .  Convergence is  f a s t  x i t h  a 
marlmun  umber of i t e r a t i o n s  a t  t he  e q u a t o r i a l  
: t r ea r tube ,  e s p e c i a l l y  f o r  high t i p  speed r a t i o s ,  
a?.l t h e  e r r o r  is l e s s  than l r 4 .  Once t h e  t r u e  
-zzLbe o f  the  induced v e l o c i t y  V has  been cafcu- 
la:ed, -we can o b t a i n  t he  l o c a l  r e l a t i v e  v e l o c i t y  
Y d i t 7  Equat ion  ( 5 )  and t h e  e f f e c t i v e  angle  of 
a t t a c k  a ~ i t h  Equat ion  (6 ) .  
Ugstream Blade Forces and Performance 
Tha streamwise b l ade  f o r c e ,  normal and t a n g e n t i a l  
tctnponents may be eva lua t ed  f o r  each s t reamtube 
as func t ions  of t he  blade p o s i t i o n .  Ha l f - ro to r  
corque,  power and drag  a r e  r e so lved  by averaging 
rh? c o n t r i b u t i o n s  from each s t reamtube f o r  t h e  
2 ~ s - r e a m  ha l f - cyc l e  of t he  r o t o r .  
For eac5 b lade  i n  t h e  upstream p o s i t i o n ,  t h e  non- 
d i n e n s i 3 r a l  fo rce  coef  f i c i e n ~ s  a s  f u n c t i o n s  of 
the azimuthal  ang le  0 a r e  g iven by: 
Downstream Half-Cycle of t he  Rotor 
For t he  second h a l f - p a r t  of t he  r o t o r  i n  t h e  
s t reamflow d i r e c t i o n  ( o r  downstream ha l f - cyc l e )  
t h e  l o c a l  r e l a t i v e  v e l o c i t y  is: 
where X' = wr/V1 
and the  angle  of a t t a c k  is  given by Equation ( 6 )  
where X is replaced by St wi th  n/2 6 8  c 3n/2.  
The induced v e l o c i t y  i n  t h i s  p a r t  of t he  r o t o r  V' 
is a  func t ion  of both i n t e r f e r e n c e  f a c t o r s :  up- 
s t r eam (u )  and downstream ( u ' ) ,  and with t h e  con- 
d i t i o n  of c o n t i n u i t y  we can o b t a i n  one of t h e  
v e l o c i t y  components i n  t e r s s  of t h e  o t h e r s  f o r  a 
c e r t a i n  wind v e l o c i t y  V Equation ( 4 ) .  
mi' 
Following the  same l o g i c  used f o r  t he  upstream 
ha l f - cyc l e ,  we cons ide r  t h a t  t he  equ i l i b r ium used 
f o r  the  v e l o c i t y  g iven by Equat ion  (3 )  i s  t he  in-  
put cond i t i on  of t he  flow i n  t h e  downstream h a l f -  
cyc l e  a t  each s t reamtube.  Thus, t he  i t e r a t i v e  
p roces s  is  i n i t i a l i z e d  by u' = u, where u  i s  t he  
t r u e  va lue  obta ined f o r  t h e  f i r s t  p a r t  of t h e  
r o t o r  aL each l e v e l .  
The  t r anscenden ta l  equa t ion  which c o n t a i n s  t he  
i n t e r f e r e n c e  downstream f a c t o r  u' becomes: 
Fdw U' = 8q (1-U' ) (20)  
where t he  func t ion  Fdw is: 
3n/2 
c a s e  , s i n e  W 2 
d w  = R (CN l c o s ,  'T l c o s € l ~ c o s 6 ) ( ~ )  
Downstream Blade Forces  and Performance 
fur t he  normal f o r c e ,  and by: The normal fo rce  c o e f f i c i e n t  a s  a  func t ion  of 8 ,  
f o r  a  complete b lade ,  is  : 
' ( s / c o s d )  dc ,  (14)  i 2 
FI; ( 8 )  = ( c ~ / ~ ) j I  C; ( W * I V ~ )  ( ~ ~ C O S U  dc (22)  
- 
i u e  t'le t a n g e n t i a l  f o r c e ,  where 5 = z/H and S i s  
t h e  w e p t  a r e a  of the  r o t o r .  and the  t a n g e n t i a l  fo rce  c o e f f i c i e n t  of t he  b l ade  
a s  a  func t ion  of 8  i s  g iven by: 
T e t o r q ~ e  produred by a  b l ade  element i s  calctl- I 
; Led a t  t h e  c e n t e r  of each element.  By i n t e g r a -  F; ( 8 )  = (CHIS) C; ( W ' / V ~ ) ~  ( n / cos6 )  dc  (23 )  
t l o n  a loqg the  b l ade  we o b t a i n  t h e  torque  on a  
r,*mplrte bIade a s  a  func t ion  of 0 :  
1 The torque  on a  complete b l ade ,  i n  t h e  downstream 
cRH Il CT WZ (n /cosd)  d( ( I S )  T 1 3 1 = ~ ~ "  ha l f - cyc l e ,  a s  a  func t ion  of O is: 
4- 
1 I The &verage ha l f - cyc l e  of t he  r o t o r  torque  pro- Tdw ( 8 )  = Pm cRH Il Cf W" ( s / c o s d )  d( (24)  
dticsd by N/2 of the N b lades  i s  t hus  g iven by: 
The average  h a l f - r o t o r  torque  has  t he  fn l lnwfng 
T  ( 0 )  dB (16)  form: 
UP 
a?d t h e  average  torque  c o e f f i c i e n t  w i l l  be: (25) 
(17)  
and the  average  torque  c o e f f i c i e n t :  
The power c o e f f i c i e n t  f o r  the  downstream h a l f -  
c y c l e  of t he  r o t o r  becomes: 
The power c o e f f i c i e n t  f o r  t he  f u l l  cyc l e  is t h e  
weighted sum of t he  c o e f f i c i e n t s  f o r  t he  h a 1 5  
c y c l e s :  
RESULTS AND DISCUSSION 
I n  o rde r  L O  v e r i f y  t h i s  a n a l y t i c a l  model, we ca l -  
c u l a t e d  the  aerodynamic loads  of the  b lades  and 
to rque  a s  a  func t ion  of t he  b lade  angu la r  posi-  
t i o n  a s  wel l  a s  the  power c o e f f i c i e n t  a s  a  func- 
t i o n  of t i p  speed r a t i o ,  i nc lud ing  the  e f f e c t s  
due t o  ambienL windstream shea r .  The t h e o r e t i c a l  
r e s u l t s  obta ined wi th  t he  double-mul t ip le-s t ream- 
tube were compared with o t h e r  a n a l y t i c a l  models 
such a s  rnulLiple-streamtube and two-dimensional 
v o r t e x  theo ry ,  and wi th  the exper imenta l  d a t a  f o r  
Sandia 5 7 1  r o t o r  ( r e f . 8 ) .  The r o t o r  of t h i s  
t u rb ine  possesses  iwo ( o r  t h r e e )  of t h e  s t r a i g h t -  
l i n e  / c i r c u l a r - a r c  form, wiLh a  cons t an t  symmet- 
r i c a l  a i r f o i l  NACA-0015, from hub L O  hub. 
The double-multiple-streamtube model shows impor- 
t a n t  r e t a r d a t i o n  of t he  flow i n  t h e  downwind zone 
of the r o t o r .  The aerodynamic f o r c e s  on t h e  
b l ades  a r e  considered  a s  t h e  nondimensional 
normal and t a n g e n t i a l  fo rce  c o e f f i c i e n t s  f o r  each 
element of the  b l ade ,  s e p a r a t e l y ,  i n  t he  upwind 
and downwind p o s i t i o n s .  The e lementa l  fo rce  
c o e f f i c i e n t s  were i n t e g r a t e d  a long the  l eng th  of 
the  blade and the  v a r i a t i o n  wi th  the az imuthal  
ang le  was obta ined with r e spec t  t o  a  r o t a t i o n a l -  
a x i s  system, x~  0 y~  where x~ has  i t s  i n i t i a l  
p o s i t i o n  l inked t o  blade No. 1 i n  Figure  2. 
F igure  3 shows the  r e s u l t a n t  of the  normal f o r c e  
c o e f f i c i e n t  f o r  two b l ades  a s  a  func t ion  of t he  
blade p o s i t i o n .  For a  t i p  speed r a t i o  o f  
XEQ= 3.0, t he  ze ro  va lue  of FN may be observed 
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Figure  3 - Comparison between normal f o r c e  coef-  
f i c i e n t s  c a l c u l a t e d  by  t h e  mu l t ip l e -  
s t reamtube t h e o r y ,  and t h e  p re sen t  
model. 
Azimuth angle, O a  
Figure  4 - V a r i a t i o n  w i t h  az imuthal  ang le  0 of 
t h e  normal b l ade  load ing ,  f o r  each 
b l ade ,  i n  t h e  upwind and downwind 
zones. 
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Figure  5 - V a r i a t i o n  wi th  az imuthal  ang le  0 of 
t h e  normal f o r c e  c o e f f i c i e n t ,  f o r  two 
b l a d e s ,  a t  t h r e e  t i p  speed r a t i o s .  
t o  occur a t  8 <- 90" i n  c o n t r a s t  wi th  0 = - 90°, 
a s  i s  t he  case of the  multiple-streamlube model. 
The v a r i a t i o n  i n  the  normal fo rce  c o e f f i c i e n l  
with the  blade p o s i t i o n  is shown i n  Figure  4 f o r  
each b lade;  the  normal f o r c e s  a r e  sma l l e r  i n  t he  
downwind than i n  the  upwind zone. The e f f e c t  of 
t he  t i p  speed r a t i o  on the  normal force  i s  pre- 
sented  i n  Figure  5 f o r  XEQ = 1.5, 3.0 and 5.2. 
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P2gure 6 - Comparison between t a n g e n t i a l  f o r c e  
c o e f f i c i e n t s  c a l c u l a t e d  by t h e  mu l t i -  
p le-s t reamtube theo ry  and t h e  p r e s e n t  
model. 
2 NACA 005 t ides  Upwind zone 
Downwind zone - 
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~ ' F $ L I ~ E  7 - V a r i a t i o n  o f  t h e  t a n g e n t i a l  b l ade  
load ing  w i t h  t h e  az imuthal  ang le  9, 
f o r  each b l a d e ,  i n  t h e  upwind and 
downwind zones.  
U - L L L -  L_IL~I___J 
- i?a 0 60 120 4 6 0  240 
Azimuth angle,  O0 
z l ~ u r t .  8 - V a r i a t i o n  o f  t i le t a n g e n t i a l  f o r c e  
c o e f f i c i e i l t  w i t h  t h e  az imuthal  a n g l e  
8 ,  f o r  t h e  two b l a d e s ,  a t  t h r e e  t i p  
speed r a t i o s .  
Tip speed ra l io ,  XEQ 
F i g u r e  9 - Power c o e f f i c i e n t  a s  a  f u n c t i o n  of 
t h e  e q u a t o r i a l  t i p  speed r a t i o .  
Comparison between a n a l y t i c a l  model 
r e s u l t s  and f i e l d  t e s t  d a t a  f o r  t h e  
Sandia 5-m;two-blade r o t o r .  
Tip speed ratio, XEQ 
05 
Figure  10 - Power c o e f f i c i e n t  a s  a  func t ion  o f  
t h e  e q u a t o r i a l  t i p  speed r a t i o .  
Comparison between a n a l y t i c a l  node l  
r e s u l t s  and f i e l d  t e s t  d a t a  f o r  t h e  
Sandia 5-m,three-blade r o t o r .  
SANDIA - 5m o YNDlA field lest 
- 3 NACA 00f5 blodes Armlylicol models : - 
The t a n g e n t i a l  fo rce  c o e f f i c i e n t  f o r  two complete 
b lades  a s  a  func t ion  of the  az imuthal  angle  i s  
p l o t t e d  in  Figure  6 f o r  a  t i p  speed r a t i o  of 
XEQ = 3.0. The v a r i a t i o n  of t h i s  f o r c e  c a l c u l a t -  -- 
-- 
ed wi th  mul t ip le-s t reamtubes  is s i m i l a r  on b o t h  
ha l f - cyc l e s  of t he  ro to r .  The t a n g e n t i a l  f o r c e s  
obta ined with the  p re sen t  model a r e  sma l l e r  on 
t h e  downwind f ace  of t he  r o t o r  i n  comparison wi th  
the  t a n g e n t i a l  f o r c e s  on the  upwind f a c e ,  F igu re  - 
- 
- 
7. The e f f e c t  of t he  t l p  speed r a t i o  on t h e  
t a n g e n t i a l  f o r c e  i s  g iven i n  Figure  8 f o r  
XEQ = 1.5, 3.0 and 5.2. 
Solidity : 0.22 , -- --- Present model 
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Figure  9 presen t s  a  comparison of t he  power co- 
e f f i c i e n t  r e s u l t s  from t h r e e  a n a l y t i c a l  models: 
mul t ip le-s t reamtubes ,  two-dimensional v o r t e x  
theory  and double-multiple-streamtubes wi th  
Sandia f i e l d  t e s t  d a t a  for two NACA-0015 b l ades ,  
5 3  r o t o r .  We can see  t h a t  the  double-multiple- 
s t reamtube model i s  i n  good agreement wi th  t h e  
exper imenta l  d a t a  f o r  t i p  speed r a t i o s  of 3.5 t o  
8.5. The r e s u l t s  of t he  p re sen t  model a r e  b e t t e r  
than wi th  o t h e r  s t reamtube methods because t h e  
downwind blade  s e e s  t he  induced v e l o c i t y  d i f f e r -  
e n t l y  from t h e  upwind b l ade ,  V' < V .  Th i s  con- 
cep t  can be improved by cons ide r ing  t h e  e f f e c t s  
ACKNOWLEDGMENTS of t he  dynamic s t a l l  of the  b l ades  which is  
p reva len t  a t  low t i p  speed r a t i o s  and causes  the  
torque  - t o  i n c r e a s e .  
F igure  10 shows a  comparison between the  power 
c o e f f i c i e n t  ob ta ined  from t h e  multiple-stream- 
tube theo ry ,  t he  p re sen t  model and the  Sandia 
f i e l d  t e s t s  f o r  t h r e e  NACA-0015 b l ades ,  5 3  ro- 
t o r .  There is  a  good agreement with t e s t  d a t a  up 
L O  t i p  speed r a t i o  of about 7; f o r  low speed 
r a t i o s ,  X EQ= 3.5, t he  same phenomenon a s  w i th  a 
two-blade r o t o r  can be observed. There i s  a  b i g  
d i f f e r e n c e  between t h e  mult ip le-s t reamtube re- 
s u l t s  and exper imenta l  d a t a ,  where t he  power 
c o e f f i c i e n t  r eaches  i t s  maximum. The t i p  speed 
r a t i o  f o r  a  maximum power c o e f f i c i e n t  d e c r e a s e s  
mainly wi th  i n c r e a s i n g  drag  and does not  seem t o  
be inf luenced by the  number of b lades .  Retarda- 
Lion of t he  flow i n  both upstream and downstream 
zones i n t e n s i f i e s  wi th  i n c r e a s i n g  r o t o r  s o l i d i t y ;  
however, t h i s  e f f e c t  is  more s i g n i f i c a n t  i n  t h e  
downsLream reg ion  of the  r o t o r .  
CONCLUSION 
The p re sen t  a n a l y t i c a l  model r e p r e s e n t s  an exten- 
s i o n  of the  mul t ip le-s t reamtube model, which is  
capab le  of c a l c u l a t i n g  the  d i f f e r e n c e  i n  the  in- 
duced v e l o c i t i e s  a t  the  upstream and downstream 
passes .  Th i s  i s  p o s s i b l e  i f  i t  i s  assumed t h a t  
each element of the  r o t o r  is replaced by two 
a c t u a t o r  d i s k s  i n  tandem, i n  t h e  wind d i r e c t i o n .  
The aerodynamic c h a r a c t e r i s t i c s  f o r  each element 
of the  b lade  were t h e r e f o r e  obta ined independent- 
l y  f o r  t h e  upwind and downwind p a r t s  of the r o t o r  
by us ing both  t h e  l o c a l  Reynolds number and t h e  
l o c a l  ang le  of a t  tack .  
The double-multiple-streamtube model a l lows f o r  
v a r i a t i o n  of t he  aerodynamic loads  and t h e  to rque  
with the  blade p o s i t i o n  f o r  each p a r t  of t he  ro- 
t o r .  The method i s  g e n e r a l l y  adequate  f o r  study- 
ing a  Dar r i eus  r o t o r  with s e v e r a l  curved blades .  
F i e l d  t e s t  d a t a  w i th  a  Sandia 5 3  machine and 
comparisons wi th  previous  methods s a t i s f a c t o r i l y  
conf i rm the  t h e o r e t i c a l  p r e d i c t i o n s  f o r  t he  over- 
a l l  performance parameters.  
The present  model could be improved by consider-  
i n g  the  e f f e c t  of dynamic s t a l l  on t h e  b l ades ,  
which would enhance t h e  a b i l i t y  t o  p red ic t  both  
l o a d s  and performance. Th i s  ref inement  i s  
c u r r e n t l y  under way a t  IREQ and the  r e s u l t s  w i l l  
be compared wi th  those  fu rn i shed  by o t h e r  analy- 
t i c a l  models a s  w e l l  as with Magdalen I s l a n d s  
f i e l d  t e s t  da ta .  
T h i s  r e s e a r c h  was f u l l y  supported by IREQ. The 
au tho r  would l i k e  t o  acknowledge the  c o n t r i b u t i o n  
of h i s  co l l eagues  i n  t he  Wind Energy Program i n  
t he  form of va luab le  remarks du r ing  t h e  prepara- 
Lion of t h i s  paper. 
We would l i k e  t o  point  out  t h a t  R.J .  Templin of 
the  Nat ional  Research Council  of Canada has  de- 
developed a  new v e r s i o n  of t h e  multiple-stream- 
tube model, which a l lows f o r  v a r i a t i o n  of induced 
v e l o c i t i e s  through the  ro to r .  H i s  work has  not  
ye t  been published. 
REFERENCES 
1. Templin, R.J . :  Aerodynamic Theory f o r  t h e  
NRC Vert ica l -Axis  Wind Turbine ,  NRC of Canada 
TR LTR-LA-160, 1974. 
2 .  S t r i c k l a n d ,  J.H.: The Dar r i eus  Turbine: A 
Performance P r e d i c t i o n  Model Using Mul t ip l e  
S t  reamtubes,  Sandia Labora tory  Report  SAND 
75-0431, 1975. 
3. Klimas, P.C.: V e r t i c a l  Axis Wind Turbine  
Aerodynamic Performance P r e d i c t i o n  Methods, 
Proceedings of t he  Ver t ica l -Axis  Wind Turbine  
(VAWT), Albuquerque, N.M., A p r i l  1-3, 1980. 
4 .  Holme, 0.: A Con t r ibu t ion  t o  t h e  Aerodynamic 
Theory of the  Ver t ica l -Axis  Wind Turbine ,  
I n t e r n a t i o n a l  Symposium on Wind Energy Sys- 
tems, Cambridge, England, September 1976. 
5 .  Fanucci,  J . B . ,  and Wal ters ,  R.E.: Innova t ive  
Wind Machines: The T h e o r e t i c a l  Performance of 
a  Ver t ica l -Axis  Wind Turbine ,  Sandia Labora- 
t o r y  Report  SAND 76-5586, p.111-61-93. 
6 .  S t r i c k l a n d ,  J .H. ,  Webster, B.T., and Nguyen, 
T.: A Vortex Model of t he  Dar r i eus  Turbine: 
An A n a l y t i c a l  and Experimental  Study, Sandia 
Labora tory  Report  SAND 79-7058, 1980. 
7. Lapin,  E.E.: T h e o r e t i c a l  Performance of Ver- 
t i ca l -Ax i s  Wind Turb ines ,  ASME paper 
75-WA/Ener-1, The Winter Annual Meeting, 
Houston, Texas,  Nov. 30 - Dec. 4 ,  1975. 
8. Sheldahl ,  R.E., Klimas, P.C., and F e l t z ,  
L.V. : Aerodynamic Performance of a  5-Metre- 
Diameter Dar r i eus  Turbine  wi th  Extruded 
Aluminium NACA - 0015 Blades,  Sandia Labora- 
t o r y  Report SAND 80-0179. 
QUESTIONS AND ANSWERS 
I. Paraschivoiu 
From: Art Smith 
Q: If the Darrieus produces a significant side force, is it not wrong to neglect the 
lateral component of velocity? 
A: No, because  t h e  e f f e c t  o f  t h e  l a t e r a l  component  o f  v e l o c i t y  i s  n o r m a l l y  s m a l l e r  t h a n  
1 0 %  of t h e  f r e e s t r e a m  v e Z o c i t y  ( s e e  R e f .  61; if t h e  l a t e r a l  component  o f  G e l o c i t g  i s  
c o n s i d e r e d  t h e  l o a d s  p r e d i c t i o n  w i l l  be b e t t e r .  
